We investigated the effects of an acute bout of neuromuscular electrical stimulation-induced resistance exercise (NMES-RE) on intracellular signaling pathways involved in translation initiation and mechanical loading-induced muscle hypertrophy in spinal cord-injured (SCI) versus able-bodied (AB) individuals. AB and SCI individuals completed 90 isometric knee extension contractions at 30% of maximum voluntary or evoked contraction, respectively. Muscle biopsies were collected before, and 10 and 60 min after NMES-RE. Protein levels of α7-and β1-integrin, phosphorylated and total GSK-3α/β, S6K1, RPS6, 4EBP1, and FAK were assessed by immunoblotting. SCI muscle appears to be highly sensitive to muscle contraction even several years after the injury, and in fact it may be more sensitive to mechanical stress than AB muscle. Heightened signaling associated with muscle mechanosensitivity and translation initiation in SCI muscle may be an attempted compensatory response to offset elevated protein degradation in atrophied SCI muscle. Keywords mechanotransduction; neuromuscular electrical stimulation; resistance exercise; skeletal muscle; spinal cord injury Neuromuscular electrical stimulation-induced resistance exercise (NMES-RE) training promotes robust muscle hypertrophy in spinal cord-injured (SCI) individuals, 1,2 which may be very important for overall metabolic health as these patients age. The mechanisms by
which this remarkable hypertrophy occurs in paralyzed muscle remain unclear. Net protein synthesis required for muscle hypertrophy is regulated primarily by translation initiation. Signaling pathways that modulate translation initiation are sensitive to many stimuli, including the mechanical forces of muscle contraction. 3 We recently reported NMES-REmediated phosphorylation of p44/42 extracellular signal-regulated kinase (ERK) and Akt in SCI but not in ablebodied (AB) men, 4 suggesting that skeletal muscles of SCI men may be more sensitive to mechanical loading. 5 As a follow-up to our previous work, the purpose of this study was to investigate the effects of SCI on a key mechanotransduction protein (α7-integrin) and an acute bout of NMES-RE on putative intracellular signaling pathways involved in translation initiation and mechanical loading-induced muscle hypertrophy in SCI versus AB men.
METHODS
AB and SCI individuals performed 90 isometric knee extension contractions at 30% of maximum voluntary or evoked contraction, respectively. Muscle samples were collected from the vastus lateralis before and 10 and 60 min after NMES-RE via our established percutaneous needle biopsy procedure. 6 Mixed muscle protein lysates from 8 of the original 12 SCI men (injury levels, C4-T8, American Spinal Injury Association grade A and B, 22.2 ± 11 years post-injury, 49.6 ± 11 years of age) and 9 AB men (aged 46.5 ± 9 years) were analyzed. Analyses were limited by remaining lysate availability (details of subject characteristics and NMES-RE protocol are published in our previous report 4 ).
Immunoblotting
Thirty-five micrograms of skeletal muscle mixed protein lysate were resolved on 4-12% sodium dodecylsulfate-polyacrylamide gel electrophoresis gels and transferred to polyvinylidene difluoride membranes, as described previously. 7, 8 Primary antibodies were purchased from Cell Signaling Technologies (Danvers, Massachusetts) and used at a 1:1000 dilution in 5% goat serum (monoclonal antibodies) or 2% milk + 2% bovine serum albumin (polyclonal antibodies) against: total and phospho GSK-3α/β (Ser21/9); p70 S6K1 (Thr421/ Ser424); ribosomal protein S6 [RPS6 (Ser240/244)]; 4EBP1 (Thr37/46); FAK (Tyr397); and total β1-integrin. Anti-α7-integrin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, California) and used at a 1:200 dilution in 5% goat serum. Horseradish peroxidase-conjugated secondary antibodies were used at 1:50,000 followed by chemiluminescent detection (SuperSignal West Dura Chemiluminescent Substrate; Thermo Scientific, Rockford, Illinois).
Statistical Analysis
Repeated-measures analysis of variance (ANOVA) was used to test group × time interactions and main effects of time and group. Statistical significance was accepted at P < 0.05.
RESULTS

Translation Initiation
Both groups demonstrated main effects of time (P < 0.05) for S6K1 (Thr421/ Ser424). S6K1 phosphorylation was elevated above baseline (P < 0.05) at 10 min post-NMES-RE in both groups (Fig. 1A) . A group × time interaction (P < 0.05), and main effects of time (P < 0.05) and group (P < 0.05) were noted for RPS6 phosphorylation (Ser240/244) (Fig. 1B) . In SCI, RPS6 phosphorylation was elevated robustly above baseline (P < 0.05) 60 min after NMES-RE and was higher (P < 0.05) in SCI than in AB at 60 min post-NMES-RE. A main group effect (P < 0.05) revealed a higher phosphorylation state of GSK-3β (Ser9) (Fig. 1C) in SCI compared with AB subjects. Within time-points, post hoc tests indicated higher GSK-3β phosphorylation at 10 min post-NMES. No interaction or main effects were found for total and phosphorylation levels of 4EBP1 (not shown) and total levels of S6K1, RPS6, or GSK-3β.
Mechanosensitivity
A main group effect (P < 0.05) revealed a higher phosphorylation state of FAK (Tyr397) for SCI compared with AB. Post hoc tests indicated higher FAK phosphorylation in SCI subjects at all time-points (Fig. 1D) . Moreover, a main group effect (P < 0.05) for α7-integrin (Fig. 1E ) indicated higher levels in SCI overall (P < 0.05), particularly at 60 min post-NMES.
DISCUSSION
The primary and novel finding of this study is that SCI muscle appears to be highly sensitive to muscle contraction even 22 years after the injury, and in fact it may be more sensitive to mechanical stress than AB muscle. Our findings of higher FAK phosphorylation and total levels of α7-integrin in SCI are consistent with this idea. FAK is associated with the cytosolic domain of β1-integrin of the α7-β1-integrin heterodimer and is therefore thought to be a key mechanosensitive signaling molecule, converting mechanical stimuli to anabolic signaling in skeletal muscle. 9, 10 Phosphorylated FAK has been shown to activate a number of signaling cascades, including MEK-ERK and PI3K-Akt. Hyperphosphorylation of FAK shown here may thus be at least partially responsible for the NMES-RE induction of these 2 pathways only in SCI muscle.
Although NMES-RE led to similar increases in S6K1 phosphorylation in both SCI and AB, downstream phosphorylation of RPS6 was noted only in SCI individuals. The mechanism underlying this differential response is not known; however, because we assayed the S6K1 auto-inhibitory domain (Thr421/Ser424), and subsequent phosphorylation events are required for full S6K1 activation, it is possible that full activation was only achieved in SCI muscle. Recent findings suggest a potential direct link between FAK and S6K1 activity, such that overexpression of FAK has been shown to enhance load-mediated S6K1 phosphorylation. 9 GSK-3β is a putative inhibitor of translation initiation by impeding eIF2B signaling, and this inhibition is removed upon GSK-3β phosphorylation. Thus, the hyperphosphorylated state of GSK-3β found in SCI muscle would presumably favor protein synthesis. It is unclear why these SCI muscles appear to be more mechanosensitive and/or more pro-anabolic. This could not be attributed to spontaneous contractures or spasticity because: (1) muscle contractures were an exclusion criterion; (2) only 2 subjects used antispasticity medication regularly; and (3) none of the subjects had leg spasticity during NMES-RE. We offer 2 other possibilities, each of which would require further study. First, SCI muscle may be in a heightened compensatory state in an attempt to offset elevated protein degradation, as suggested by elevated catabolic gene expression and signaling reported elsewhere. 11, 12 Second, the differences between SCI and AB muscle described here may have been influenced by muscle fiber type distribution. Findings from previous work have shown higher phosphorylation states of mechanosensitive proteins in fast muscles in response to mechanical stress. 5 We previously reported remarkable group differences in fiber type distribution 4 ; compared with AB, SCI muscle had a predominance of IIax + IIx fibers.
Surprisingly, NMES-RE did not alter many measured indices of intracellular signaling among AB subjects. When considering the findings in previous studies, [13] [14] [15] it is possible that dynamic contractions are a more potent stimulus for these signaling pathways than are isometric contractions. Although isometric contractions induced via NMES represent a relatively small fraction of the activity and daily loading in AB subjects, NMES promotes robust muscle hypertrophy in SCI. This increase in muscle mass may result in increased levels of metabolically active muscle tissue, which can improve glucose tolerance and reduce metabolic disease risk in SCI individuals. Effects of an acute bout of NMES-RE on phosphorylation and/or total levels of S6K1 (A), RPS6 (B), GSK-3β (C), FAK (D), and α7-integrin (E). (F) Representative immunoblots. Bars represent mean ± SE. Significant main effects and interaction (Intrxn) terms of time × group ANOVA are shown in (A)-(E). # P < 0.05: different from baseline within group, *P < 0.05: different from AB. AU, arbitrary units.
